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Abstract
The most general chiral Lagrangian for electroweak interactions with
the complete set of SU(2)L × U(1)Y invariant operators up to dimen-
sion four is considered. The two-point and three-point functions with
external gauge fields are derived from this effective chiral Lagrangian to
one-loop order in a generic Rξ-gauge. The same set of Green’s functions
are paralelly studied in the renormalizable standard model to one-loop
order, in a Rξ-gauge and in the large Higgs mass limit. An appropri-
ate set of matching conditions connecting the Green’s functions of the
two theories allows us to derive, systematically, the values of the chi-
ral Lagrangian coefficients corresponding to the large Higgs mass limit
of the standard model. These chiral parameters represent the non-
decoupling effects of a heavy Higgs particle and incorporate both the
leading logarithmic dependence onMH and the next to leading constant
contributions. Some phenomenological implications are also discussed.
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1 Introduction
Chiral Lagrangians have been extensively used to describe the phenomenon of spontaneous sym-
metry breaking both in strong and electroweak interactions. The basis of this approach was
formulated by Weinberg [1] to characterize the most general S-matrix elements for soft pion in-
teractions; and later on it was greatly developed by Gasser and Leutwyler [2] in a well defined
framework called chiral perturbation theory describing low energy aspects of strong interactions
[3]. The use of chiral Lagrangians as low energy effective theories for electroweak interactions
has received much attention in the past few years [4, 5, 6, 7]. The electroweak chiral Lagrangian
provides the most general parametrization of the Higgs phenomenon for the spontaneous breaking
of the SU(2)L×U(1)Y symmetry in terms of the minimum number of degrees of freedom, namely,
the three would-be Goldstone bosons (GB). These bosons are incorporated into non-linear repre-
sentations of the SU(2)L × U(1)Y symmetry group such that the electroweak chiral Lagrangian
built up with these modes and the gauge fields is manifestly SU(2)L × U(1)Y invariant. The
price to be paid in this Higgs-less parametrization is that the resulting low energy theory is non-
renormalizable, and a tower of new counterterms of increasing dimension has to be added at each
loop order to render the theory finite.
From the point of view of effective field theories, chiral Lagrangians can be regarded as the low
energy limit of an underlying fundamental theory, where some heavy fields have been integrated
out inducing additional higher dimension operators. These effective operators can, in principle,
be determined if the underlying fundamental interactions are known. In a perturbative approach,
it is done by explicit calculation of the relevant loop diagrams and by matching the predictions
of the full underlying theory (in which heavy particles are present) and those of the low energy
effective theory (with only light degrees of freedom) at some reference scale [8]. This combined
picture of integrating out the heavy fields and matching the predictions of the two theories has
been recently applied to some particular situations in electroweak interactions. One example is
provided in the standard model when the heavy top quark is integrated out at one loop level
[9]. Other situations when going beyond the standard model have also been considered [10, 11].
Technicolor models [12] where one or more pairs of techniquark doublets are integrated out are
typical examples [6, 13, 14].
In this paper, we have considered the possibility where the standard model itself is the un-
derlying theory and the heavy field to be integrated out is the Higgs particle. Our aim is to
determine the electroweak chiral Lagrangian (EChL), being SU(2)L × U(1)Y symmetric, that
parametrizes electroweak interactions to one loop order in the case of a heavy Higgs particle. We
will deduce the values of the EChL parameters by integrating out the Higgs field to one loop
level and by matching the standard model predictions in the large MH limit with the predictions
from the chiral Lagrangian to one loop order. By large MH limit we mean the situation where
the mass of the Higgs is much larger than the available external momenta (p2 ≪ M2H) and other
particle masses (m2 ≪ M2H , m= MW, MZ), but not so high that perturbation theory is unreliable
(M2H <∼ 1TeV2).
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The large MH limit of the standard model has been studied before by several authors in
the context of the gauged non-linear sigma model. In the pioneering works of Appelquist and
Bernard [15] and Longhitano [16], all the new divergences appearing when calculating with the
non-renormalizable non-linear sigma model to one loop order were sistematically found. By using
the fact that the mass of the Higgs particle acts as a regulator for the standard model, they could
identify these new divergences with the logarithmic dependence on MH of the observables in the
standard model (see also [17]). However, with this approach, one cannot determine the finite
(non-logarithmic) Higgs contributions to the EChL parameters that are of the same order in the
perturbative expansion. In contrast, the effective chiral Lagrangian approach that we propose
to use here reproduces correctly the two kind of Higgs contributions. As we will show in this
work by explicit computation of the two and three point functions for gauge bosons to one loop,
there are indeed finite contributions to the EChL parameters that, together with the logarithmic
contributions, account for the complete non-decoupling effects of the Higgs particle in the large
MH limit.
In section 2, we present the complete SU(2)L×U(1)Y invariant electroweak chiral Lagrangian
and fix the prescription to calculate renormalized Green’s functions with this Lagrangian to one
loop order. The set of matching conditions relating the Green’s functions obtained from the
effective theory to one loop with the Green’s functions computed in the Standard Model to
one loop and in the large MH limit will be established in section 3. The values for the EChL
parameters corresponding to a heavy Higgs particle of the Standard Model will also be derived
in that section. Section 4 is devoted to some discussions on the most relevant phenomenological
consequences of our results. The conclusions are summarized in section 5.
2 The electroweak chiral Lagrangian
We start by writing down the electroweak chiral Lagrangian that is SU(2)L×U(1)Y invariant and
contains the whole set of CP-invariant operators up to dimension four. We will use the notation
of ref. [10] that is closely related to Longhitano’s notation, and will restrict our study to the
bosonic sector of electroweak theory. The basic building blocks that are used in the construction
of the Lagrangian are the following:
T ≡ Uτ 3U †
Vµ ≡ (DµU)U †
DµU ≡ ∂µU − gWˆµU + g′UBˆµ
Wˆµν ≡ ∂µWˆν − ∂νWˆµ − g[Wˆµ, Wˆν ]
Bˆµν ≡ ∂µBˆν − ∂νBˆµ, (1)
2
where the light bosonic fields have been parametrized as
U ≡ exp
(
i
~τ · ~π
v
)
, v = 246 GeV, ~π = (π1, π2, π3),
Wˆµ ≡ −i
2
~Wµ · ~τ,
Bˆµ ≡ −i
2
Bµ τ
3. (2)
Their transformation properties under SU(2)L × U(1)Y are
Wˆ ′µ = gLWˆµg
†
L −
1
g
gL∂µg
†
L
Bˆ′µ = Bˆµ −
1
g′
gR∂µg
†
R (3)
where
gL = e
i~α · ~τ/2 ∈ SU(2)L, gR = eiβτ
3/2 ∈ U(1)Y . (4)
The would-be Goldstone boson fields ~π transform non-linearly whereas the U field transforms
linearly
U ′ = gLUg
†
R,
~π′ · ~τ = ~π · ~τ + v~α · ~τ
2
− vβ τ
3
2
− (~α× ~π) · ~τ
2
+
β
2
(π2τ1 − π1τ2) +
+
1
6v
[(~α · ~π)(~π · ~τ)− (~α · ~τ )(~π · ~π)]− β
6v
[π3(~π · ~τ )− τ3(~π · ~π)] +O(π3). (5)
The physical gauge fields are defined as
W±µ =
W 1µ ∓ iW 2µ√
2
,
Zµ = cwW
3
µ − swBµ,
Aµ = swW
3
µ + cwBµ, (6)
where cw = cos θw, sw = sin θw and the weak angle is defined by tan θw = g
′/g.
At tree level and to lowest order in the derivative expansion, the effective low energy theory
for the standard model with a heavy Higgs is the well known Lagrangian of the gauged non-linear
sigma model, given by [16]:
LNL = v
2
4
Tr
[
DµU
†DµU
]
+ LG, (7)
LG =
1
2
Tr
[
WˆµνWˆ
µν + BˆµνBˆ
µν
]
+ LGF + LNLFP.
We have chosen to work in an arbitrary Rξ-covariant gauge with the following gauge fixing term
LGF = − 1
2ξB
f 20 −
1
2ξW
(
3∑
i=1
f 2i
)
, (8)
3
where
f0 = ∂µB
µ +
g′vξB
2
π3,
fi = ∂µW
µ
i −
gvξW
2
πi, i = 1, 2, 3. (9)
and the corresponding Faddeev–Popov ghost term is given by
LNLFP =
3∑
a,b=0
c†a(x)
δfa
δθb
cb(x), (10)
where θ0 = β, θi = αi, i = 1, 2, 3.
It is important to menction that LNLFP does not coincide with the usual Faddeev–Popov La-
grangian of the standard model. Due to the non-linearity of the would-be Goldstone boson modes
under infinitesimal SU(2)L×U(1)Y transformations, new interactions with increasing number of
GB will appear in LNLFP. An explicit expression for LNLFP is given in Appendix A. The relevant result
is that the couplings of the type two ghosts–one gauge boson and two ghosts–one GB remain the
same as in the linear model; but in addition there are new couplings of the type two ghosts–two or
more GB that replace the standard coupling two ghosts–one Higgs. Since all these new couplings
are proportional to the ξ-parameter, it turns out that when the Landau gauge is chosen (ξ = 0),
the Faddeev–Popov terms in the EChL, LNLFP, and the standard model, LFP, coincide.
The convenience of the Landau gauge choice in the context of the gauged non-linear sigma
model was emphasized by Appelquist and Bernard in [15]. Since in this gauge there are no direct
copulings of the GB to the ghosts, the non-renormalizability of the GB self-interactions in LNL
does not infect graphs with external ghosts. For this reason, the counterterms needed to cancel
the divergences generated with LNL at one loop are gauge invariant functions of the GB and
gauge fields only. In other Rξ–gauges, there will be also counterterms that are functions of the
ghost fields and their structure will have to be determined by using the more general Becchi-
Rouet-Stora invariance. This fact, of course, does not preclude the use of Rξ–gauges, but rather
establishes the Landau gauge as the easiest one in the context of chiral electroweak theories.
Alternatively, if one calculates only Green’s fuctions with external gauge particles γ,W± and Z
as in the present work, all the new required counterterms are manifestly gauge invariant local
functions of the GB and gauge fields. This fact can be seen by computing the Green’s functions
in a generic Rξ–gauge and by checking explicitely the independence of the new counterterms on
the ξ parameter.
The non-linear Lagrangian of eq.(7), when treated at tree level, reproduces correctly the
low energy properties of the standard model at tree level and in the heavy Higgs mass limit. In
particular, it leads to the proper low energy theorems for the scattering amplitudes of longitudinal
vector bosons [18]. However, in order to incorporate in the low energy theory the effects of heavy
particles beyond the tree level, new effective operators have to be considered. The complete
electroweak chiral Lagrangian [16] containing the whole set of SU(2)L×U(1)Y and CP- invariant
4
operators up to dimension four is the following1
LEChL = LNL +
13∑
i=0
Li, (11)
where LNL is given in eq.(7) and the new operators are2:
L0 = a0 v
2
4
[Tr (TVµ)]
2
L1 = a1 igg
′
2
BµνTr
(
TWˆ µν
)
L2 = a2 ig
′
2
BµνTr (T [V
µ, V ν ])
L3 = a3gTr
(
Wˆµν [V
µ, V ν ]
)
L4 = a4 [Tr (VµVν)]2
L5 = a5 [Tr (VµV µ)]2
L6 = a6Tr (VµVν) Tr (TV µ)Tr (TV ν)
L7 = a7Tr (VµV µ) [Tr (TV ν)]2
L8 = a8
g2
4
[
Tr
(
TWˆµν
)]2
L9 = a9
g
2
Tr
(
TWˆµν
)
Tr (T [V µ, V ν ])
L10 = a10 [Tr (TVµ) Tr (TVν])]2
L11 = a11Tr
(
(DµV
µ)2
)
L12 = a12Tr (TDµDνV ν) Tr (TV µ)
L13 = a13 1
2
[Tr (TDµVν)]
2 (12)
Making use of the equations of motion, the above list can be reduced to eleven independent
operators. In particular, one could eliminate the 11, 12 and 13 terms by redefining the rest of the
terms [10]. However, since we will not restrict ourselves to calculate on-shell matrix elements, we
keep the complete basis given in eq.(12). Among all these 14 terms, only the first six are truly
needed as counterterms to absorb the new divergent structures that appear when calculating to
one loop with the non-renormalizable Lagrangian LNL of eq.(7). However, we retain the complete
set to parametrize all the effects of a heavy Higgs to one loop order including both finite and
divergent contributions.
1 There is an extra term L14 proportional to ǫµναβ that is CP conserving but C and P violating [10, 14]. It is
not relevant in case of absence of fermion contributions and will not be considered here.
2 The relation with Longhitano’s notation is the following: a0 = g
2β1 ; a1 =
g
g′
α1 ; a2 =
g
g′
α2 ; a3 =
−α3 ; ai = αi , i = 4, 5, 6, 7 ; a8 = −α8 ; a9 = −α9 ; a10 = α10/2 ; a11 = α11 ; a12 = α12/2 ; a13 = α13.
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We will now give the prescription to compute finite renormalized 1PI Green’s functions ΓEChLR ,
to one loop order with the effective chiral electroweak Lagrangian of eq.(11). We choose to
regulate the divergences by means of the dimensional regularization method that preserves the
Ward identities of the effective theory3.
Firstly, there will be contributions to ΓEChLR from LNL and the Li ’s when used at tree level.
These terms will also act as source of counterterms when we rescale the fields and parameters in
LEChL according to [16]:
Bbµ = Ẑ
1/2
B Bµ
~W bµ = Ẑ
1/2
W
~Wµ
~πb = Ẑ1/2π ~π
gb = Ẑ
−1/2
W (g − δ̂g)
g′b = Ẑ
−1/2
B (g
′ − δ̂g′)
vb = Ẑ1/2π (v − δ̂v)
ξbB = ξB(1 + δ̂ξB)
ξbW = ξW (1 + δ̂ξW ) (13)
where Ẑi ≡ 1 + δ̂Zi and the superscript b denotes bare quantities. The fields and parameters
appearing in the right hand side of eq.(13) are renormalized quantities. We have used the hatted
notation to distinguish the counterterms of the effective theory from the corresponding quantities
in the standard model, to be presented in the next section. Similarly, we rescale the ai’s according
to:
abi = ai + δai (14)
where the ai’s in the right hand side are renormalized parameters.
Secondly, there will be contributions to ΓEChLR from loops generated by LNL and the Li’s. The
contributions from the Li’s at one loop level are subleading with respect to the corresponding
ones from LNL because they are either of higher order in powers of the gauge couplings or of
higher order in powers of the external momenta, so that they will be neglected from now on.
Finally the renormalized 1PI Green’s functions with external gauge particles can be formally
defined as
ΓEChLR (µ) = Γ
EChL
0 + Γ
EChL
C + Γ
EChL
L (15)
where ΓEChL0 is the contribution from LEChL at the tree level, ΓEChLC is the contribution from the
counterterms and ΓEChLL is the contribution from the loops generated by LNL. The energy scale
µ is the usual scale of dimensional regularization. The final result for ΓEChLR must be expressed
in terms of the renormalized parameters.
3 A recent discussion on regularization methods in Chiral Perturbation Theory has been done in [21]
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With this prescription at hand one is able to give a finite result for ΓEChLR . The new diver-
gences generated by LNL at one loop are absorbed into the redefinitions of the ai’s such that the
final result for ΓEChLR is given in terms of the renormalized parameters ai(µ) = a
b
i − δai that are,
in general, µ-scale and renormalization prescription dependent. These renormalized ai(µ) param-
eters incorporate the effects of the heavy particles at one loop, and can be explicitely computed
by the matching procedure when the underlying fundamental theory is known.
3 Effective Lagrangian parameters for a heavy Higgs
As we have already said, the fundamental theory that we want to represent by the electroweak
chiral Lagrangian is the standard model with a heavy Higgs particle. We start with the standard
model Lagrangian
LSM = (DµΦ)†(DµΦ) + µ2Φ†Φ− λ(Φ†Φ)2 +
1
2
Tr
(
WˆµνWˆ
µν + BˆµνBˆ
µν
)
+ LGF + LFP, (16)
where
Φ =
1√
2
 φ1 − iφ2
σ + iχ
 , (π1, π2, π3) ≡ (−φ2, φ1,−χ), v =
√
µ2
λ
(17)
DµΦ ≡ (∂µ +
1
2
ig ~Wµ · ~τ +
1
2
ig′Bµ)Φ. (18)
Wˆµν , Bˆµν and LGF are defined in eqs.(1), (8) and (9) and LFP is the usual Faddeev–Popov term
of the standard model.
The next step is to rescale the fields and parameters in LSM, according to:
Bbµ = Z
1/2
B Bµ
~W bµ = Z
1/2
W
~Wµ
~πb = Z1/2π ~π
gb = Z
−1/2
W (g − δg)
g′b = Z
−1/2
B (g
′ − δg′)
vb = Z1/2π (v − δv)
ξbB = ξB(1 + δξB)
ξbW = ξW (1 + δξW ) (19)
We present here just the relevant parameters for the computation of the two and three point
functions with external γ,W and Z particles that are what concerns us in this work. The effects
from the renormalization of the λ coupling and the Higgs mass on these two and three point
functions are of higher order in perturbation theory and can be neglected from now on. This will
7
not be the case for the four point functions where there are contributions from the Higgs particle
already at tree level [28].
From the computational point of view, the large MH limit means that one neglects the con-
tributions to the one-light-particle irreducible (1LPI) Green’s functions that depend on (p/MH)
2
and/or (m/MH)
2 and vanish when the formal MH →∞ limit is taken. The 1LPI functions are,
by definition, the Green’s functions with only light particles in the external legs and where the
graphs contributing to them cannot be disconnected by cutting a single light particle line.
When computing the renormalized Green’s functions to one loop in the standard model and
in the large MH limit,care must be taken since clearly the operations of making loop integrals
and taking the large MH limit do not commute. Thus, one must first regulate the loop integrals
by dimensional regularization, then perform the renormalization operation with some fixed pre-
scription and at the end take the large MH limit, with MH being the renormalized Higgs mass.
The large MH values must be bounded in practice to the range m
2, p2 ≪ M2H <∼ 1 TeV2 where
p2 represent the available external momenta and m2 the light (renormalized) particle masses (m
= MW or MZ).
Finally, the renormalized 1LPI functions with external γ, W and Z particles are formally
defined as
ΓSMR (µ) = Γ
SM
0 + Γ
SM
C + Γ
SM
L (20)
where ΓSM0 is the contribution from LSM at the tree level, ΓSMC is the contribution from the
counterterms δZi = Zi − 1 and ΓSML is the contribution from all the one loop graphs of the
bosonic sector of the standard model with the heavy Higgs mass limit to be taken as explained
above.
We now focus our attention on the matching condition for relating the two theories, the
fundamental underlying theory and the effective one. We will impose here the strongest form
of matching by requiring that all renormalized 1LPI functions with external light particles are
the same in the two theories at scales µ ≤ MH . This matching condition is equivalent to the
equality of the light particle effective action in the two descriptions. In contrast, the weaker form
of matching is established when the equality of the two theories is done at the physical amplitudes
level. In this work we perform the matching of the two theories at the one loop level and we
apply it to the complete set of 1LPI functions with external γ,W and Z particles. This matching
procedure is summarized in the following simple condition:
ΓSMR (µ) = Γ
EChL
R (µ) , µ ≤ MH (21)
where the large Higgs mass limit in the left-hand side must be understood throughout. This
equation represents symbolically a whole system of tensorial coupled equations (as many as 1LPI
functions) with several unknowns, namely the complete set of parameters ai(µ) and counterterms
that we are interested in determining.
In the following we will present the results for the two and three 1LPI functions with external
gauge particles. The matching conditions are summarized by the following system of six tensorial
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equations:
Πab0µν +Π
ab
Cµν +Π
ab
Lµν = Π̂
ab
0µν + Π̂
ab
Cµν + Π̂
ab
Lµν (22)
V abc0λµν + V
abc
Cλµν + V
abc
Lλµν = V̂
abc
0λµν + V̂
abc
Cλµν + V̂
abc
Lλµν (23)
where ab =WW,ZZ, γγ, γZ and abc = γWW,ZWW and the large Higgs mass limit in the left-
hand side must be understood throughout. Here we have used the hat to denote the quantities in
the effective theory, thus, the left hand side of the above equations refers to the standard model
predictions and the right hand side to the EChL predictions.
The resulting expressions for the tree level plus counterterms contributions have been collected
in Appendix B. The one loop contributions to the 1LPI functions are represented in figures 1, 2
and 3. As mentioned above, a 1LPI function does not include diagrams that can be disconnected
by cutting a light particle line, namely, a non-Higgs particle line. We have included all the
one-loop 1LPI diagrams and analized them one by one in the largeMH limit and in a generic Rξ–
gauge. In order to study the large MH limit of the various one-loop Feynman integrals, we have
used the techniques developed in [19, 20]. Particularly useful is the application of the m-theorem
[19] and the Lebesgue dominated convergence theorem, that allows us to discard convergent
integrals that vanish in the large MH limit. Thanks to these techniques, we have been able to
perform a systematic computation in a generic Rξ–gauge that otherwise would have been much
more tedious.
We start by reporting the results on the two point functions. Fig.(1) shows a comparative
list of the one-loop 1LPI diagrams both in the standard model and in the effective EChL theory
for WW and ZZ two point functions. Among the whole set of diagrams, some of those coming
from the purely light sector are exactly the same in the SM and the effective EChL. This is the
case of diagrams in the first line of figs.(1.a) and (1.b), as for instance the two point diagrams
with only gauge particles flowing in the loop, (i) = (ˆi), (r) = (rˆ). This subset of diagrams are
represented symbolically by ellipsis in fig.(1) and their contribution can be simply dropped out
from both sides of the matching condition (22). There are a second class of diagrams that also
come from the purely light sector, but they are not the same in the two theories, as the case of
diagrams with GB particles flowing in the loop. This is because some vertices in LNL, like those
for two gauge bosons–two GB, are different from the standard model ones, as a consequence of
the non-linear realization of the gauge symmetry. However, these long distance contributions
drop out from the matching condition because the following identities hold in the largeMH limit:
(j) + (k) = 0, (s) + (t) = (sˆ) and (u) + (v) = 0. The rest of the tadpole diagrams with a Higgs
propagator attached to the gauge line not appearing explicitely in fig.(1) vanish in the large MH
limit. Finally, there is a third class of diagrams in the SM that contain the Higgs particle in the
loops and whose contributions to the matching equations in the large MH limit are the relevant
ones. These are diagrams (l), (m), (n) and (o) of Fig.(1.a) and (w), (x), (y) and (z) of Fig.(1.b).
The role being played by them in the SM is replaced by the ai terms in the effective theory.
This is an important point, and is equivalent to saying that the difference between the Green’s
functions of the two theories is an analytic function, which for momenta much lower than the
scale MH can be approximated by a polynomial whose coefficients are given by the ai’s.
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The matching conditions for the γγ and γZ two point functions are easily fixed since in these
two cases there are neither one-loop contributions from the Higgs particle nor any difference
in the diagrams of the two theories from the light sector. Thus, the possible difference in the
Green’s functions of the two theories are summarized in the different tree level and counterterms
contributions that can be found in Appendix B.
The final results for the loop contributions ΠabLµν , ab = WW,ZZ, γγ, γZ, are summarized in
Appendix B.
Finally, we report the results on the three point 1LPI functions. The diagrams contributing
to the SM functions V γWWLλµν and V
ZWW
Lλµν are shown in figs.(2) and (3) respectively. The diagrams
from the purely light sector that are equal in the two theories are not shown explicitely. As in the
case of the two point functions, these contributions will be dropped out from both sides of the
matching equation (23). For the rest of the diagrams the situation is the following. In the case
of V γWWLλµν in fig.(2), diagrams (b), (c), (d), (g), (h) and (i) vanish in the large MH limit. Besides,
it turns out that (j) + (k) =0. We have checked that the corresponding diagram in the effective
theory also vanish (ˆj)=0. In summary, we are left with three relevant diagrams, namely (a), (e)
and (f) that we have evaluated in the large MH limit.
Regarding V ZWWLλµν in fig.(3) the situation is quite similar. The diagrams vanishing in the large
MH limit are the following: (b), (c), (d), (g), (h), (i), (j), (m), (n) and (o). There is again a
cancellation among diagrams, (p) + (q) =0 and corresponds to the vanishing in the effective
theory of the corresponding diagram (pˆ) =0. The relevant diagrams that we have computed in
the large MH limit are therefore (a), (e), (f), (k) and (l).
The final results for the loop contributions V VWWLλµν , V = γ, Z are summarized in Appendix B.
Having all the pieces entering in the matching eqs.(22,23) well defined, we now solve the system
formed by these six tensorial equations. There is just one compatible solution and is given by
a set of particular values of the ai parameters and counterterms. Obviously, the renormalized
parameters ai(µ) are scheme renormalization dependent. Here we have chosen the MS scheme
by fixing the counterterms δai to the particular values given below. From now on, we will use the
short notation aMSi (µ) for the renormalized parameters in the MS scheme. After some algebra
10
we find the following final result:
aMS0 (µ) = g
′2 1
16π2
3
8
(
5
6
− log M
2
H
µ2
)
, δa0 = g
′2 1
16π2
3
8
∆ǫ
aMS1 (µ) =
1
16π2
1
12
(
5
6
− log M
2
H
µ2
)
, δa1 =
1
16π2
1
12
∆ǫ
aMS2 (µ) =
1
16π2
1
24
(
17
6
− logM
2
H
µ2
)
, δa2 =
1
16π2
1
24
∆ǫ
aMS3 (µ) =
−1
16π2
1
24
(
17
6
− logM
2
H
µ2
)
, δa3 =
−1
16π2
1
24
∆ǫ
aMS8 (µ) = 0, δa8 = 0
aMS9 (µ) = 0, δa9 = 0
aMS11 (µ) =
−1
16π2
1
24
, δa11 = 0
aMS12 (µ) = 0, δa12 = 0
aMS13 (µ) = 0, δa13 = 0
(24)
where
∆ǫ ≡ 2
ǫ
− γE + log 4π (25)
The solution (24) of the matching conditions reproduces some partial results obtained before
by other authors with different methods. Firstly, we recover the values of the counterterms that
were first computed by Longuitano in the non-linear sigma model [16]. We obtain as well the
proper logarithmic running with the scale of the renormalized parameters ai(µ). This µ-scale
dependence can be summarized by the following set of renormalization group equations:
a0(µ) = a0(µ
′) +
g′2
16π2
3
8
log
µ2
µ′2
a1(µ) = a1(µ
′) +
1
16π2
1
12
log
µ2
µ′2
a2(µ) = a2(µ
′) +
1
16π2
1
24
log
µ2
µ′2
a3(µ) = a3(µ
′)− 1
16π2
1
24
log
µ2
µ′2
(26)
The paremeters a8, a9, a11, a12 and a13 are obviously µ-independent.
It is important to stress at this point that the logarithmic running with the µ-scale depends
only on the form of the lowest order universal Lagrangian LNL and therefore, it will be the same
for any underlying theory having the electroweak chiral Lagrangian as low energy effective theory.
The differences amongst alternative fundamental theories will come, at one loop level, in the finite
contributions to the effective Lagrangian parameters.
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The rest of ai’s cannot be obtained from this computation since they do not contribute to the
two and three pont functions for gauge fields. A completely analogous computation of the whole
set of four point 1LPI functions must be performed to extract the values of a4, a5, a6, a7 and a10
as well as the corresponding counterterms [28].
As far as the gauge sector is concerned, the matching equations provide a set of consistency
relations among the corresponding counterterms of the two theories. We get the following rela-
tions:
∆ZW = −
g2
16π2
1
12
(
∆ǫ +
5
6
− log M
2
H
µ2
)
∆ZB = − g
′2
16π2
1
12
(
∆ǫ +
5
6
− log M
2
H
µ2
)
∆ξW = ∆ZW
∆ξB = ∆ZB
∆g
g
= 0
∆g′
g′
= 0 (27)
where we have defined the differences of the conterterms as,
∆Q ≡ δQ− δ̂Q, Q = ZW , ZB, ξW , ξB, g, g′ (28)
The wave function renormalization constants are not the same in the two theories, a result
that accounts for the fact that the effective theory must incorporate the additional logarithmic
divergences that arise in the standard model only when MH →∞. Our results of eq.(27) confirm
those found by Longhitano in [16] that referred just to the terms proportional to ∆ǫ. The results
in eqs.(27) give a set of constraints relating the renormalization prescriptions for the effective
and the underlying theory. These equations tell us the way one must fix the wave functions and
coupling constants renormalizations in the effective theory, once a particular prescription for the
standard model counterterms has been assumed.
Finally, to end this section, we have performed a comparison between our results of eq.(24)
and the chiral parameters found by Gasser and Leutwyler in the first paper in [2] for the case of
the linear sigma model with spontaneously broken SU(2)L × SU(2)R symmetry. Since in their
case there is no custodial symmetry breaking our set of operators defined in eq.(12) is larger and
contains theirs. A simple exercise shows that the relation among the two sets of bare parameters
is the following:
L10 = a1, L9 = a3 − a2, L1 = a5, L2 = a4. (29)
After performing the renormalization operation in both the MS scheme and the Gasser and
Leutwyler (GL) scheme which differ in a finite constant, we find:
LGL10 (µ) = L
MS
10 (µ)−
1
16π2
1
12
= aMS1 (µ)−
1
16π2
1
12
=
12
=
−1
16π2
(
1
72
+
1
12
log
M2H
µ2
)
LGL9 (µ) = L
MS
9 (µ) +
1
16π2
1
12
= aMS3 (µ)− aMS2 (µ) +
1
16π2
1
12
=
=
−1
16π2
(
11
72
− 1
12
log
M2H
µ2
)
(30)
These values agree with the results found by Gasser and Leutwyler in [2]. We find this a quite
remarkable result since in their case there are no gauge particles in the loops because the gauge
fields were considered as external sources. We believe that this result can be traced back to the
fact that the contributions to the effective operators of dimension four that come from mixed
gauge–scalar loops are subleading, in the large MH limit, as compared to the pure scalar loops
contributions. On the other hand, since the custodial breaking operators are generated precisely
by these mixed loops, one can conclude that the dimension four custodial breaking operators
do not get contributions from the Higgs particle at one loop. However, this is not the case for
dimension two operators. The custodial breaking operator corresponding to a0 comes from mixed
gauge-scalar loops in diagrams (m) in fig.(1.a) and (x) in fig.(1.b) which give a non-vanishing
contribution to a0 in the large MH limit.
4 Some physical consequences
We would like to add in this section some remarks and comments on the results for the EChL
parameters presented in eq.(24). These finite values represent the non-decopling effects of a
heavy Higgs particle in the SM to one-loop order. They contain valuable information since they
serve as reference values to be compared with the corresponding predictions from other possible
alternatives for the symmetry breaking sector. Thus, for instance, in Technicolor Models, the
values for the ai parameters are known to be quite different [14]. The optimal strategy will be
therefore to find a set of appropriate observables that, once expressed in terms of the ai’s, can
provide a systematic check of the compatibility of the assumed underlying theory to one-loop level
with data. Some of these observables like the T, U and S parameters of Peskin and Takeuchi [22]
or the related parameters ǫ1,ǫ2 and ǫ3 of Altarelli and Barbieri [23] have already been studied
by many authors in conexion with the LEP data [6]. The contributions from the ai’s to the ǫ
parameters are given by [10]:
ǫ1 = 2a
MS
0 (MZ)
ǫ2 = −g2
(
aMS8 (MZ) + a
MS
13 (MZ)
)
ǫ3 = −g2
(
aMS1 (MZ) + a
MS
13 (MZ)
)
(31)
where we have chosen MZ as the reference low energy scale.
From the present work, therefore, we are able to compute the contribution from the Higgs
particle in the SM to one loop and in the large MH limit to the values of the ǫ parameters. From
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eqs.(24) and (26) we get:
ǫ1 = αT = ∆ρ =
g′2
16π2
(
15
24
− 3
4
log
M2H
M2Z
)
+ ...
ǫ2 =
−α
4s2W
U = 0 + ...
ǫ3 =
α
4s2W
S =
g2
16π2
(−5
72
+
1
12
log
M2H
M2Z
)
+ ... (32)
The leading logarithmic terms agree with previous computations in the literature [30]. The next
to leading terms in the large MH limit are independent on MH and have been computed here for
the first time. The dots in eq.(32) refer to the rest of the loop contributions in the SM other than
the Higgs contributions.
It is interesting to notice that there are certain particular combinations of observables that
are independent on the choice of the reference energy scale. Similarly one can say that these
combinations are renormalization group invariants in the effective theory and may have some
relevance in the search of physical effects beyond the standard model 4. One of these combinations
in terms of the ǫ’s is
(
ǫ1 + 9
g′2
g2
ǫ3
)
. By substituting the values of eq.(32) we find that there are
no Higgs contributions to this particular combination, namely, both contributions the logarithmic
ones and the constant terms cancel,
(
ǫ1 + 9
g′2
g2
ǫ3
)
= 0 + ... We believe it is an interesting result
since by means of these combinations one can better isolate the effects from possible alternatives
to the symmetry breaking sector of the standard model or, more generally, from possible new
physics beyond the standard model5.
The next generation of interesting observables are the parameters defining possible deviations
of the trilinear gauge boson vertex. These are the usual anomalous couplings gγ1 and g
Z
1 and
anomalous magnetic moments of the W , κγ , κZ , λγ and λZ which have been object of numerous
studies in the past6. The contributions from the non-vanishing ai’s to these parameters are [10]:
gγ1 − 1 = 0
gZ1 − 1 =
−g2
c2W
aMS3 (µ)
κγ − 1 = g2 (a2 − a3 − a1)
κZ − 1 = −g2aMS3 (µ) + g′2
(
aMS1 (µ)− aMS2 (µ)
)
λγ = λZ = 0 (33)
4This issue was discussed firstly in the second reference of [6] and in [7] where the renormalization group
invariants were called O1, O2 and O3.
5We refer the reader to ref.[21] for further discussions on the relevance of finding renormalization group invariant
quatities in Chiral perturbation theory
6For some recent discussions on this subject, in the context of effective lagrangians and, in connection with the
LEP II experiment see for instance [7, 24]
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where µ is the appropiate scale to be fixed according to the relevant energy scale of the experiment
where these parameters will be meassured.
One particularly interesting result is the combination of parameters entering in the definition
of κγ being µ-scale independent. Our prediction for this renormalization group invariant is:
κγ − 1 =
1
16π2
1
6
+ ... (34)
where, as before, the dots refer to the rest of the loop contributions other than the Higgs contri-
butions. This value is in agreement with the result found in [25] a long time ago once the large
MH limit is taken in their expressions. We find it to be a good check of our computation being
performed in a completely independent and quite different way. In particular the computation of
ref.[25] was performed in the unitary gauge.
Futhermore, we believe this observable is also of interest because it appears in the amplitude
for the scattering process γγ →W+L W−L and therefore if the future planned dedicated γγ colliders
are carried out it could be meassured with a good precission [26]. This process was computed
in the SM to one-loop in [27] and with the EChL effective approach in [29]. After taking the
large MH limit of the amplitudes in [27], we obtain exactly the same value for κγ of eq.(34). This
second check is also remarkable since the authors of ref.[27] used the Feynman-t’Hooft gauge, the
equivalence theorem, and worked with the on-shell renormalization prescription.
5 Conclusions
In this paper, we have considered the electroweak chiral Lagrangian that parametrizes electroweak
interactions in the case of a heavy Higgs boson. This Lagrangian has been obtained as the low
energy effective theory of the standard model when the Higgs particle is integrated out to one–
loop order. In particular, we have analyzed the subset of effective operators that contribute to the
two– and three–point Green’s functions for gauge bosons. The leading contributions of a heavy
Higgs to these operators, including logarithms of the Higgs mass plus finite (non-logarithmic)
terms, have been explicitely calculated.
The electroweak chiral Lagrangian provides a general framework to analyze the effects of
alternative dynamics of the Higgs sector in low energy observables. Therefore, it is interesting to
determine the parameters in the case of a heavy Higgs, since they serve as reference values to be
compared with those coming from other models of symmetry breaking. The chiral parameters
are directly related to different observables in scattering processes and in precision electroweak
measurements, and therefore can be used to constrain the underlying dynamics from experimental
data.
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Appendix A
The complete expression for LNLFP containing terms up to O(ccππ) is:
LNLFP = c†0
[
−∇2 − g′
(
g′vξB
2
)[
v
2
− 1
6v
(π21 + π
2
2) + ...
]]
c0
+
3∑
i 6=j 6=k=1
c†i
[
−∇2 − g
(
gvξW
2
) [
v
2
− 1
6v
(π2j + π
2
k) + ...
]]
ci
+(g′ξBc
†
0c1 + gξWc
†
1c0)
(√
gg′v
2
)[−π2
2
+
1
6v
π3π1 + ...
]
+(g′ξBc
†
0c2 + gξWc
†
2c0)
(√
gg′v
2
)[
π1
2
+
1
6v
π3π2 + ...
]
+(g′ξBc
†
0c3 + gξWc
†
3c0)
(√
gg′v
2
)[
v
2
− 1
6v
(π21 + π
2
2) + ...
]
+(c†1c2 − c†2c1)
[
−g∂µW 3µ + g
(
gvξW
2
)
π3
2
]
+(c†1c3 − c†3c1)
[
g∂µW 2µ − g
(
gvξW
2
)
π2
2
]
+(c†2c3 − c†3c2)
[
−g∂µW 1µ + g
(
gvξW
2
)
π1
2
]
+(c†1c2 + c
†
2c1)g
(
gvξW
2
)(−1
6v
)
π1π2 + ...
+(c†1c3 + c
†
3c1)g
(
−gvξW
2
)(
+1
6v
)
π1π3 + ...
+(c†2c3 + c
†
3c2)g
(
gvξW
2
)(−1
6v
)
π2π3 + ...
Appendix B
In this appendix, we give the different contributions to the one loop Green’s functions appearing in
the matching equations (22,23). In these formulas, we have not written explicitely the counterterm
in the bare ai coefficients for brevity; therefore the replacement ai → aMSi (µ) + δaMSi has to be
understood. The rest of fields and parameters are renormalized quantities.
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Two point functions
The differences in the tree level plus counterterm contributions to the two point functions from
the SM and the EChL are given by:
− iΠWW(0+C)µν + iΠ̂WW(0+C)µν = igµν
g2v2
4
[
∆Zπ − 2∆g
g
− 2∆v
v
]
−i
(
gµνq
2 − qµqν
)
∆ZW + iqµqν
[
1
ξW
(∆ξW −∆ZW ) + g2a11
]
−iΠZZ(0+C)µν + iΠ̂ZZ(0+C)µν = igµν
(g2 + g′2)v2
4
[
∆Zπ − 2c2w
∆g
g
− 2s2w
∆g′
g′
− 2∆v
v
+ 2a0
]
−i
(
gµνq
2 − qµqν
) [
c2w∆ZW + s
2
w∆ZB
−c2wg2a8 − 2s2wg2a1 − (g2 + g′2)a13
]
+iqµqν
[
c2w
ξW
(∆ξW −∆ZW ) + s
2
w
ξB
(∆ξB −∆ZB)
+
(
g2 + g′2
)
(a11 − 2a12 + a13)
]
−iΠγγ(0+C)µν + iΠ̂γγ(0+C)µν = −i
(
gµνq
2 − qµqν
) [
s2w∆ZW + c
2
w∆ZB − s2wg2(a8 − 2a1)
]
+iqµqν
[
s2w
ξW
(∆ξW −∆ZW ) + c
2
w
ξB
(∆ξB −∆ZB)
]
−iΠγZ(0+C)µν + iΠ̂γZ(0+C)µν = igµν
gg′v2
4
[
∆g′
g′
− ∆g
g
]
−i
(
gµνq
2 − qµqν
) [
swcw∆ZW − swcw∆ZB
−swcwg2a8 + (c2w − s2w)gg′a1
]
+iqµqνswcw
[
1
ξW
(∆ξW −∆ZW )− 1
ξB
(∆ξB −∆ZB)
]
In the expressions above, the ∆ quantities represent the standard model counterterms minus the
corresponding counterterms in the EChL, that is
∆Q ≡ δQ− δ̂Q, with Q = Zπ, ZB, ZW , ξB, ξW , g, g′ and v.
On the other hand, the one loop contributions wich do not cancel among both sides of the
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matching condition (22) are the following:
− iΠWWLµν + iΠ̂WWLµν = igµν
g2
16π2
[
3
4
M2H
(
∆ǫ − log M
2
H
µ2
+
7
6
)
−g
2v2
4
3
4
(
∆ǫ − log
M2H
µ2
+
5
6
)]
−i
(
gµνq
2 − qµqν
) g2
16π2
1
12
(
∆ǫ − log M
2
H
µ2
+
5
6
)
+iqµqν
g2
16π2
1
24
−iΠZZLµν + iΠ̂ZZLµν = igµν
(g2 + g′2)
16π2
[
3
4
M2H
(
∆ǫ − logM
2
H
µ2
+
7
6
)
−(g
2 + g′2)v2
4
3
4
(
∆ǫ − log
M2H
µ2
+
5
6
)]
−i
(
gµνq
2 − qµqν
) (g2 + g′2)
16π2
1
12
(
∆ǫ − log M
2
H
µ2
+
5
6
)
+iqµqν
(g2 + g′2)
16π2
1
24
−iΠγγLµν + iΠ̂γγLµν = 0
−iΠγZLµν + iΠ̂γZLµν = 0
Three point functions
The differences in the tree level plus counterterm contributions to the γWW and ZWW 1PI
Green’s functions from the SM and the EChL are given by:
− iV γWW(0+C)λµν + iV̂ γWW(0+C)λµν = −igswT γλµν
[
∆ZW − ∆g
g
]
−ig3sw (p1µgλν − p1νgλµ)
[
a1 − a2 + a3 − a8 + a9
]
−ig3sw (p2µgλν − p3νgλµ) a11
−iV ZWW(0+C)λµν + iV̂ ZWW(0+C)λµν = −igcwTZλµν
[
∆ZW −
∆g
g
+
g2
c2w
a3
]
−igcw (p1µgλν − p1νgλµ)
[
g′2(a2 − a1 − a3 − a13)
+g2(a9 − a8 − a13)
]
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−igcw (p2µgλν − p3νgλµ)
[
−g′2a11 +
g2
c2w
a12
]
where ∆ZW and ∆g are defined as in the two point functions case. The convention for momenta
and indexes in the three point functions are defined by the tensor associated to the tree level
vertex
T Vλµν ≡
(
Vλ(p1),W
−
µ (p2),W
+
ν (p3)
)
= [(p1 − p3)µgλν + (p3 − p2)λgµν + (p2 − p1)νgλµ]
and V = γ or Z. All the momenta are taken incoming.
The one loop contributions which enter the matching equations (23) are the following:
− iV γWWLλµν + iV̂ γWWLλµν = −igswT γλµν
g2
16π2
1
12
(
∆ǫ − logM
2
H
µ2
+
5
6
)
+igsw (p1µgλν − p1νgλµ) g
2
16π2
−1
6
+igsw (p2µgλν − p3νgλµ)
g2
16π2
−1
24
−iV ZWWLλµν + iV̂ ZWWLλµν = −igcwTZλµν
[
g2
16π2
1
12
(
∆ǫ − logM
2
H
µ2
+
5
6
)
+
(g2 + g′2)
16π2
1
24
(
∆ǫ − log
M2H
µ2
+
17
6
)]
+igcw (p1µgλν − p1νgλµ) g
′2
16π2
1
6
+igcw (p2µgλν − p3νgλµ) g
′2
16π2
1
24
These are all the necessary contributions to solve the matching equations (22, 23).
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Figure Captions
Fig.1 1.a One-loop diagrams contributing to the WW self- energy in the standard model (left
side) and in the effective EChL theory (right side).
1.b Same as 1.a for the ZZ self-energy.
Fig.2 One-loop diagrams contributing to the γWW 1LPI Green’s function in the standard model
that differ from those in the EChL.
Fig.3 Same as Fig.2 for the ZWW three point function.
21
References
[1] S.Weinberg, Physica 96A (1979), 327.
[2] J.Gasser and H.Leutwyler, Ann. Phys. (N.Y.) 158 (1984), 142; Nucl. Phys. B250 (1985),
465.
[3] A pedagogical introduction to the subject of Effective Chiral Lagrangians can be found in:
J.Donoghue, E.Golowich and B.R.Holstein. Cambridge University Press, 1992.
[4] The idea of using Effective Chiral Lagrangians and Chiral Perturbation Theory in the context
of the electroweak interactions was proposed in:
A.Dobado and M.J.Herrero, Phys. Lett B228 (1989),495; B233 (1989),505.
J.Donoghue and C.Ramirez, Phys. Lett. B234 (1990), 361.
[5] A.Dobado, M.J.Herrero and J.Terron, Z. Phys. C50 (1991), 205, 465.
A.Dobado, M.J.Herrero and T.Truong, Phys. Lett. B235 (1990),129.
S.Dawson and G.Valencia, Nucl. Phys. B352 (1991), 27.
J.Barger, S.Dawson and G.Valencia, Fermilab-Pub-92/75-T,1992.
A.Dobado and M.Urdiales, Phys. Lett. B292 (1992), 128.
[6] B.Holdom and J.Terning, Phys. Lett. B247 (1990), 88.
A.Dobado, D.Espriu and M.J.Herrero, Phys. Lett. B255 (1991), 405.
M.Golden and L.Randall, Nucl. Phys. B361 (1991), 3.
[7] D.Espriu and M.J.Herrero, Nucl. Phys. B373 (1992), 117.
[8] H.Georgi, Nucl. Phys. B363 (1991), 301; Nucl. Phys. 29B,C (Proc. Suppl.) (1992), 1; Nucl.
Phys. B361 (1991), 339.
[9] F.Ferruglio, A.Masiero and L.Maiani, Nucl. Phys. B387 (1992), 523.
[10] F.Ferruglio in Lectures at the 2nd Nat. Seminar of Th. Physics, Parma, Sept. 1992.
DFPD92/TH/50.
[11] For a review see also,
S.Sint, Diplomarbeit Universitat Hamburg (1991).
[12] S.Weinberg, Phys. Rev. D19 (1979), 1277.
L.Susskind, Phys. Rev.D20 (1979), 2619.
E.Farhi and L.Susskind, Phys. Rep. 74 (1981), 279.
[13] B.W.Lynn, M.E.Peskin and R.G.Stuart, CERN-86-02 (1986).
M.E.Peskin and T.Takeuchi, Phys. Rev. Lett. 65 (1990), 964.
[14] T.Appelquist and G.-H Wu, YCTP-P7-93, April 1993.
22
[15] T.Appelquist and C.Bernard, Phys. Rev. D22 (1980),200;
T.Appelquist in Gauge Theories and Experiments at High Energies, Ed. K.C.Browner and
D.G.Sutherland, Scottish U. Summer School, 1980.
[16] A.C.Longuitano, Nucl. Phys. B188 (1981), 118; Phys. Rev. D22 (1980), 1166.
[17] M.Veltman Acta Phys. Pol. B8 (1977) 475.
M.Lemoine and M.Veltman, Nucl.Phys.B164 (1980), 445.
O.Cheyette and M.K.Gaillard, Phys. Lett. B197 (1987), 205.
H.Veltman and M.Veltman, Acta Phys. Pol. B22 (1991), 669
[18] M.S.Chanowitz and M.K.Gaillard, Nucl.Phys.B261 (1985), 379.
M.S.Chanowitz, M.Golden and H.Georgi, Phys.Rev.D36 (1987), 1490.
[19] G.Giavarini, C.P.Martin and F. Ruiz Ruiz, Nucl. Phys. B381 (1992), 222.
[20] E.B. Manoukian, J. Math. Phys. 22 (3) (1981), 572; 22 (10) (1981), 2258.
[21] D.Espriu and J.Matias, Univ. Barcelona preprint, June 1993, UB-ECM-PF 93/15.
[22] M.E.Peskin and T.Takeuchi, Phys. Rev. D46 (1992), 381.
[23] G.Altarelli and R.Barbieri, Phys. Lett. B253 (1991), 161;
G.Altarelly, R.Barbieri and S.Jadach, Nucl. Phys. B269 (1992), 3.
[24] A. De Rujula et al., Nucl. Phys. B384 (1992), 3.
P.Hernandez and F.J.Vegas, CERN-TH-6670 (1992).
M.Bilenky et al., BI-TP-92/44 (1992).
[25] W.A.Bardeen, R.Gastmans and B.Lautrup, Nucl. Phys. B46 (1972), 319.
[26] I.F.Ginzburg et al. Nucl. Inst. Meths.205 (1983), 47; 219(1984), 5.
I.F.Ginzburg et al. Nucl. Phys. B228 (1983), 285.
[27] E.E.Boos and G.V.Jikia, Phys. Lett. B275 (1992), 164.
[28] M.J.Herrero and E.Ruiz Morales, work in preparation.
[29] M.J.Herrero and E.Ruiz Morales, Phys. Lett. B296 (1992), 397.
[30] See for instance:
M.Consoli and W.Hollik in Z Phys. at LEP I, CERN Yellow Report, ed. G.Altarelli et al
(CERN, Geneva, 1989)
23
